To test the hypothesis that the human sinus node is capable of demonstrating multiple sites of impulse generation, we assessed spontaneous shifts in the sinus node pacemaker complex, and shifts after overdrive atrial pacing, premature atrial stimulation and carotid sinus massage. A total of 24 patients aged 59 ± 15 years (mean ± SD) in whom stable sinus node electrograms were obtained were selected for the study. Ten of the 24 patients had sick sinus syndrome, whereas 14 had no sinus node dysfunction. All 24 patients had atrial pacing at cycle lengths of 1,000 to 300 ms; 9 patients had premature atrial stimulation and 12 had carotid sinus massage.
Shifts in the sinus node pacemaker complex occurred spontaneously in 4 (17%) of the 24 patients; after atrial pacing at cycle lengths of 800 to 300 ms (mean 387 ± 92) iri 15 (63%) of 24 patients; after premature atrial stimulation at one or more coupling intervals in 5 (56%) of9 Patients and during carotid sinus massage in 9 (75%) of 12 patients. Shifts in the sinus node pacemaker complex lasted one to six beats and returned to the original Animal experimental studies (1-6) have demonstrated that the sinus node is composed of dominant pacemaker cells arid subsidiary or latent pacemaker cells . The remaining part of the sinus node acts as a conductor-like ordinary working myocardium . In addition, shifts in sinus pacemaker from dominant to subsidiary sinus cells have been noted to occur spontaneously and after several interventions (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Other investigators (17, 18) have suggested that the atrial impulse in dogs has multicentric origin s. In contrast to these concepts , supported by microelectrode studies and extracellular recordin gs in the animal model (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) , little is known of site within two to seven beats. Spontaneous shifts in the sinus node pacemaker complex occurred in 3 of 14 patients without sick sinus syndrome and were induced in 6 (60%) of 10 patients with sick sinus syndrome and 11 (79%) of 14 patients without sick sinus syndrome. Shifts in sinus node pacemaker complex were characterized by I) loss of primary negativity, 2) change in P wave morphology, 3) significant (p < 0.001) prolongation of sinoatrial interval and sinus cycle length.
Conclusion: 1) Shifts in sinus node pacemaker complex occur frequently after rapid atrial pacing, premature atrial stimulation and carotid sinus massage and rarely occur spontaneously; 2) the subsidiary sinus node pacemaker complex is an escape pacemaker with a longer cycle length than the dominant sinus node pacemaker; 3) atrial pacing at rapid cycle lengths for assessing sinus node recovery times frequently assesses properties of the subsidiary sinus node pacemaker rather than that of the dominant pacemaker; and 4) this study suggests that the human sinus node has dominant and subsidiary foci.
(J Am Coil Cardiol 1987;9:45-52) the regulation of impulse generation in the intact human sinus node. The purpose of this study was to test the hypothesi s of whether the human sinus node is capable of demonstrating multiple sites of impulse generation. This hypothe sis was tested by assessing shifts in the sinus pacemaker occurring spontaneously . and after overdrive atrial pacing . premature atrial stimulation and carotid sinus massage . These physiologi c aspect s of sinus impulse generation were assessed by direct recordings of sinus nodal potential s in the intact human heart .
Methods
Study patients. Thirt y-four patient s were studied after explaining the nature of the procedure and obtaining an informed signed consent. Twenty-four patients aged 59 ± 15 years (mean ± SO) who satisfied the following criteria comprised the study: I) All had recordings of stable, reproducible sinus node electrograms free of baseline drifts JACC Vol. 9. No. J January J987:45-52 during spontaneous sinus rhythm and after intervention, and 2) the sinus node electrograms were clearly separable from the T and U wave deflections. Ten of the 24 patients had sick sinus syndrome whereas the remaining 14 patients had no historic, electrocardiographic or electrophysiologic evidence of sinus node dysfunction. Of the 10 patients with sick sinus syndrome, 6 (60%) had a prolonged corrected recovery time of more than 450 ms and 9 (90%) had a prolonged direct sinoatrial conduction time of more than 120 ms.
Electrophysiologic study. In all patients, two or more quadripolar electrode catheters (USCr 6) were introduced percutaneously through femoral veins. The distal poles of the electrode catheter were utilized to record sinus node electrograms (19) (20) (21) (22) by the technique of close catheter contact previously described in our laboratory (22) . The proximal poles of the catheter were used for recording intraatrial electrograms, The distal poles of the second catheter were used for stimulation of the high right atrium and the proximal poles for recording intraatrial electrograms. Two or more standard electrocardiographic leads, sinus node electrograms recorded at filter frequencies of 0.1 to 50 Hz and intracardiac electrograms recorded at filter frequencies of 30 to 500 Hz and time lines generated at 40, 200 and I ,000 ms were displayed on a multichannel oscilloscope (VR-12, Electronics for Medicine) and recorded on thermal paper at paper speeds of 50 and 100 mm/s. Shifts in sinus pacemaker were assessed sequentially: I) during spontaneous sinus rhythm (24 patients) for an observation period of approximately 30 minutes; 2) after overdrive atrial pacing of the high right atrium (24 patients) starting at cycle lengths of 100 ms below the sinus cycle length for I minute and at progressively decreasing (by 100 ms) cycle lengths up to the shortest cycle length of 300 ms; a rest period of at least I minute was interposed between each pacing drive; 3) after programmed premature atrial stimulation (9 patients); and 4) during carotid sinus massage (12 patients).
Definition of terms (Fig. 1) . Sinus potential (19) . Slow negative or negative followed by positive deflection (by convention negative slopes and deflection are shown as "positive" deflections) recorded after the diastolic slope but before primary negativity and preceding the high right atrial electrogram.
Primary negativity (7, 15, 23) . Rapid negative deflection due to atrial activity (shown as positive deflection) occurring after the sinus node potential.
Sinus node pacemaker complex. Cells from which a typical sinus node electrogram is recorded. In all patients, the sinus node electrogram preceded the endocavitary atrial electrograms indicating that the sinus node was the site of origin of the atrial depolarization wave. Automatic group of cells may be "dominant" or "subsidiary."
Cycle length of sinus pacemaker complex. Interval in milliseconds between two consecutive sinus node electrograms.
Sinoatrial interval. Interval in milliseconds between the onset of the upstroke slope on the sinus node electrogram and the beginning of primary negativity or the beginning of the high right atrial electrogram. The sinoatrial interval during the shift in sinus node pacemaker complex will reflect the degree of shift in pacemaker site as well as conduction time through the nodal tissue to the atrium. P wave morphology. Changes in P wave morphology during shift in sinus node pacemaker complex were assessed relative to the 1> wave morphology during spontaneous sinus rhythm by visual inspection of the surface electrocardiographic leads. Morphologic changes were noted in P wave for such characteristics as biphasic, positive, inverted, peaked, domed and notched patterns.
Shift in sinus node pacemaker complex. Loss of primary negativity with or without A) loss of sinus node electrogram, B) change in P wave morphology, and C) change in the initial deflection of the atrial electrogram without change in activation sequence (that is, high to low to low to high).
Results
Incidence. Table I lists the incidence of shifts in sinus node pacemaker complex from a dominant to a subsidiary site. Also outlined are changes in cycle length and sinoatrial interval and number of beats for which shifts in sinus node pacemaker complex were seen. During spontaneous sinus rhythm and after intervention, a total of 33 episodes of shifts in sinus node pacemaker complex were noted. Shifts in sinus node pacemaker complex from a dominant to a subsidiary site were characterized by: 1) loss of sinus node potential Spontaneous shifts in sinus node pacemaker complex were seen in I (10%) of 10 patients with sick sinus syndrome and in 3 (21%) of 14 patients without sick sinus syndrome. During intervention, shifts in sinus node pacemaker complex were seen in 6 (60%) of 10 patients with sick sinus syndrome and in II (79%) of 14 patients without sick sinus syndrome. These differences in patients with and without sick sinus syndrome were of no statistical significance.
Shifts in sinus node pacemaker complex after atrial pacing. Shifts in sinus node pacemaker complex from a dominant to a subsidiary site were noted after atrial pacing at a mean cycle length of 387 ± 92 ms (range 800 to 300) in 15 of the 24 patients. In two patients, shifts were noted at multiple cycle lengths (two or more). Postpacing shifts in sinus node pacemaker complex occurred for one to four beats (mean 2, 13 ± 1.12) and returned to the original pacemaker site after two to five beats (mean 3,13 ± 1.25), In 9 of 15 patients in whom shifts in sinus node pacemaker complex were noted for two or more beats, the cycle length of the sinus node pacemaker complex during the shift was assessed. During the shift from the dominant to the subsidiary pacemaker, there was a significant increase in sinus cycle length from 940 ± 180 to 1,207 ± 285 ms (p < 0,02) when compared with the sinus cycle length of the dominant sinus pacemaker before commencement of pacing, Also, a significant increase in sinoatrial interval was noted, from 119 ± 57 to 284 ± 143 ms (p < 0,005) in 9 of 15 patients in whom a sinus node electrogram was clearly evident during the shift (Fig. 2) . In 6 of 8 patients, shifts in sinus node pacemaker were associated with loss of the sinus node electrogram. Figure 3 gives an example from a patient with sick sinus syndrome demonstrating the occurrence of sinoatrial block following overdrive atrial pacing and shift of the sinus node pacemaker complex to a distal site within the sinus node.
Shift in sinus node pacemaker complex after premature atrial stimulation. In 5 of 9 patients, shift in sinus node pacemaker complex were noted at one or more coupling intervals that ranged from 400 to 250 ms. Shifts in sinus node pacemaker occurred for one to four beats (mean 2,2 ± 1.3 beats) and returned to the original site within two to five beats (mean 3.2 ± 1.3 beats). In 3 of 5 patients the shift in sinus node pacemaker occurred for two or more beats; similarly, in 3 of 5 patients a sinus node potential was evident during the shift (Fig, 3) . During the shift there Format as in Figure I . After atrial pacing at a cycle length of 400 ms, the first two postpacing beats reveal a sinus potential with loss of primary negativity (curved arrows) and slight change in P wave morphology best evident in lead 2 (see insert). Note also the changes in sinoatrial interval associated with shift in the pacemaker. Note that primary negativity is regained for the third postpacing beat with shortening of sinoatrial interval (140 ms). was an increase in sinus cycle length and a significant increase in sinoatrial interval (p < 0.01) ( Table 1 ). An example from a patient demonstrating a shift in sinus node pacemaker after premature atrial stimulation is shown in Figure 4 .
Shift in sinus node pacemaker complex after carotid sinus stimulation. Nine (75%) of 12 patients demonstrated shifts in sinus node pacemaker during carotid sinus stimulation. These shifts in sinus node pacemaker lasted for two to six beats (mean 3.7 ± 1.5) and returned to the original pacemaker site within three to seven beats (mean 4.7 ± 1.5). Shifts in sinus node pacemaker during carotid sinus massage occurred for two or more beats in all nine patients and resulted in a significant prolongation of sinus cycle length (967 ± 254 to 1,351 ± 196 ms, p < 0.002). The sinus node potential was evident during shifts in seven of the nine patients. In these patients there was a significant (p < 0.005) prolongation of sinoatrial interval from 143 ± 64 to 340 ± 139 ms. An example of the effect of carotid sinus massage is shown in Figure 5 . Spontaneous shifts in sinus node pacemaker complex. During the period of observation, spontaneous shifts in sinus node pacemaker complex were seen in only 4 of the 24 patients. In these patients, spontaneous shifts occurred for one to six beats (mean 3 ± 2.2) and the sinus node pacemaker complex returned to its original site within two to seven beats (mean 4 ± 2.2). These spontaneous shifts in sinus node pacemaker complex, from a dominant pacemaker to a subsidiary site, were also associated with an increase in cycle length (p < 0.05) and sinoatrial interval (p < 0.025) (Table I) . In all four patients, during spontaneous shift from the dominant to a subsidiary pacemaker, the sinus node potential preceded loss of atrial primary negativity (Fig. 6 ). . A, After atrial pacing at a cycle length of 500 ms, note that the first postpacing beat reveals a sinus node potential (arrowhead) without loss of primary negativity but with prolongation of the sinoatrial interval (120 ms). The sinoatrial interval normalizes for the second and third postpacing beats (60 rns). B, At the same basic drive (500 ms) a premature stimulus is introduced at a coupling interval of 260 ms. Note that the first postpremature beat reveals prolongation of the sinoatrial interval (160 ms) with preservation of primary negativity. C, At a coupling interval of 290 rns, the first postpremature beat shows lossof sinus potential with loss of primary negativity (star) with change in P wave morphology best evident in lead I in comparison with A and B (circles). Note that the activation of the atrium in all three panels for the postpacing and premature beats is high to low. From top to bottom are electrocardiographic leads I, 2 and V 1 and electrograms from the high right atrium (HRA), His bundle (HBE) and sinus node (SNE). Note the marked prolongation of cycle length in association with loss of sinus potential and loss of primary negativity in association with change in P wave morphologybest evident in lead 2 (circles versus stars). Note that the sinus potentials and primary negativity are regained for the last two beats. This is associated with normalizationof P wave morphology.
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Discussion
Since the development of the catheter technique to record sinus node potentials in man, our understanding of sinus node automaticity and conduction characteristics has been enhanced considerably. The results of our study suggest that shifts in sinus pacemaker from dominant to subsidiary sites can occur spontaneously and after several interventions such as atrial stimulation and carotid sinus massage. However, whereas shifts in sinus pacemaker complex infrequently occurred spontaneously, they were induced after rapid atrial pacing in 63% of patients, after premature atrial stimulation at close coupling intervals in 56% of patients and during carotid sinus massage in 75% of patients. Shifts in sinus pacemaker were noted for one to six beats and returned to the original site within two to seven beats. Although indirect evidence in two patients of sinoatrial pacemaker shift after programmed atrial stimulation was suggested by Steinback and Luderitz (24) and direct evidence for pacemaker shift was demonstrated by Gomes et al. (25) in five patients after overdrive atrial pacing, this is the first systematic study that has assessed the occurrence of this phenomenon spontaneously and after several interventions in a large number of patients utilizing direct recordings of sinus node potentials. In addition, this is the first study that has attempted to show different sites of origin of the sinus node pacemaker in humans and characteristics of dominant as well as subsidiary pacemakers within the sinus node by direct recordings of sinus potentials.
Features of sinus node pacemaker shift. In this study a shift in sinus pacemaker defined as a loss of primary negativity was associated with the following observations: I) The presence of sinus node potentials in 70% of instances, suggesting a shift close to the dominant pacemaker site, and loss of sinus node potentials in 30% of instances, suggesting a shift to a more distal site. 2) Various degrees of change in P wave morphology which are likely related to associated changes in the sequence of atrial activation (17 ,26) . A less marked change in P wave morphology could be due to a less dramatic shift in sinus pacemaker complex. Of importance is the observation that these changes in P wave morphology were noted during loss of primary negativity, both in the presence or absence of sinus node potentials. It is possible that changes in P wave morphology during the shift is a universal phenomenon. However, assessment of this possibility was limited by the number of electrocardiographic leads recorded during the electrophysiologic studies. The P wave morphology returned to its original configuration with reappearance of primary negativity and sinus node potentials in those instances in which the latter were
--4----1t----+-- Figure 6 . Spontaneous shift in sinus pacemaker in a patient with sick sinus syndrome. Format as in Figure 3 . Left panel, Note that the sinus cycle length is 860 ms with varying sinoatrial intervals (190 to 270 ms). Right panel, Note that during the spontaneous shift in pacemaker, there is preservation of the sinus potential, loss of primary negativity, prolongation of the sinoatrial interval (400 ms) and sinus cycle length (1020 ms) and change in P wave morphology (circle). Note also that there is a change in the initial 0.04 vector of the atrial electrogram. Abbreviations as in Figure 4 .
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.~02~--03-ll-- Figure 7 . Schematic illustration of shift in the sinus node pacemaker. The dominant sinus pacemaker originates in the head end of the sinus node (position I). A shift in pacemaker with loss of primary negativity, loss of sinus potential and change in P wave morphology suggests shift to the tail end of the sinus node (position 3). The presence of sinus node potential with loss of primary negativity and P wave morphology suggests a shift to position 2 which is closer to position I and accounts for the preservation of the sinus node potential during the shift. A = atrial potential; P = P wave; sne = sinus node electrogram.
not recordable, suggesting that the shift in sinus pacemaker had returned to its original site. 3) A significant prolongation of sinus cycle length measured on the sinus node electrogram during the shift in sinus pacemaker, which was independent of the mode of induction of shift. This suggests that the subsidiary pacemaker complex has a slower rate than the dominant pacemaker in man and could serve as an escape pacemaker within the sinus node. Pacemaker shift versus change in impulse activation sequence. Shifts in sinus pacemaker occurring spontaneously, after carotid sinus massage and atrial stimulation, were associated with a significant prolongation of sinoatrial interval. Thus, it may be argued that these do not reflect shifts in sinus pacemaker complex but rather a change in activation sequence of the impulse originating in the dominant sinus node pacemaker complex, resulting in prolongation of sinoatrial interval. This seems highly unlikely for the following reasons: 1) When shifts in sinus pacemaker occurred for two or more beats, there was always prolongation of sinus cycle length which was not accounted for by the prolongation of conduction and was independent of the mode of induction of shift. 2) There is loss of primary negativity in all instances with the presence of, or the absence of, sinus node potentials. 3) We have previously shown that prolongation of sinoatrial conduction can be seen for the postpacing beats after atrial stimulation and during carotid sinus massage without loss of primary negativity, without change in P wave morphology and with preservation of the sinus node potential (22) . Therefore, the prolongation of sinoatrial interval seen during the pacemaker shift is probably related to conduction time from the subsidiary pacemaker to atrial activation at the site of recording of the sinus node electrogram, rather than prolongation of conduction from the dominant pacemaker to the site of recording of atrial activation.
Origin of the sinus pacemaker impulse. Thus, in the intact human heart, the origin of the sinus pacemaker can be conceptualized as shown in Figure 7 , The dominant sinus pacemaker is probably located in the upper portion of the sinus node close to the site of catheter recordings of the sinus node electrogram (position I). A shift in sinus pacemaker with loss of the sinus node potential and change in P wave morphology suggests a shift to a distal site, possibly the tail end of the sinus node (position 3). This accounts for the loss of the sinus node potential during the shift. A shift in pacemaker associated with the presence of a sinus node potential suggests a shift to a site close to the dominant pacemaker (position 2) but distal to it and in between positions I and 3. This site is closer to the catheter poles recording the sinus node electrogram. It is important to note that this is a gross representation of the concept in man, but limitations of the number of intracavitary recordings and activation sequence in the area of the anatomic location of the sinus node do not permit further elaboration. Bouman et al. (14) , while stressing the existence of a "two fiber model," the head and tail fibers in the adult rabbit sinus node, noted that the latter is a simplified representation. Pointing to the observation on the effects of extracellular calcium concentration on pacemaker shifts, they suggested that the fibers of the sinus node form a functionally inhomogenous group, the head and tail cell types being the two extremes with possible existence of cell types located in between them.
Boineau et al. (17, 18) by studying the onset of epicardial excitation and potential distribution maps, suggested that the atrial impulse has multicentric origins. The results of our study do not concur with their observations. Our findings suggest that the atrial impulse originates in the sinus node and the focus of automaticity can shift from dominant to subsidiary sites within the sinus node. It is important to note, however, that the findings of our study are not directly comparable with that of Boineau et al. because the model and methods used in this study are substantially different from those used in their studies.
Mechanism of pacemaker shift. The mechanism of the shift in sinus pacemaker is beyond the scope of this investigation. However, microelectrode studies (27) (28) (29) (30) (31) suggest that the ionic movements during diastole may be different in dominant, in contrast to subsidiary pacemaker cells. Shifts in the sinus pacemaker complex from dominant to subsidiary cells after carotid sinus stimulation may be related to: I) uneven distribution of nerve endings in the sinus node; and + + + 2) inhibition of calcium influx (as a result of release of acetylcholine) (14,32.33) which is of great importance for diastolic depolarization of dominant pacemaker cells. Thus, the subsidiary or latent pacemaker fibers operating primarily with the fast inward current [Na]o would now become the dominant pacemaker. Spontaneous shifts in sinus pacemaker complex from dominant to subsidiary cells are probably related to varying vagal tone. Shifts in the sinus pacemaker complex after electrical stimulation may be explained on the basis of discharge of acetylcholine which results in increased membrane permeability to potassium which has a suppressive effect on dominant cells (34, 35) ; and activation of the active sodium pump with higher intracellular sodium concentration (36) . Thus, previously latent or subsidiary pacemaker fibers, operating preferably with the fast inward current, would assume dominance.
Implications. I) The results of this study suggest that the subsidiary or latent sinus pacemaker is an escape pacemaker with a longer cycle length than the dominant sinus pacemaker. Although in this study we did not find a significant difference in the incidence of shift in normalsubjects versus those with sick sinus syndrome, it is tempting to speculate that in some patients with sick sinus syndrome who demonstrate long pauses after a run of tachycardia or those attributed to sinus arrest, the latter may be due to failure of the subsidiary pacemaker to escape. On the other hand, these pauses may be related to failure in sinoatrial conduction. The large reserve capacity of automaticity within the sinus node demonstrated in this study suggests that conduction may be the weaker link rather than failure in automaticity. 2) Atrial pacing at rapid cycle lengths for assessing sinusnode recovery time frequently assesses properties of the subsidiary sinus pacemaker rather than that of the dominant pacemaker. However, assessing properties of the former may be of equal or more importance because failure of the subsidiary pacemaker may result in a long pause. 3) In the past, the shape of the P wave of the first postpacing and subsequent beats was used to confi rm that the complex ending the sinus pause is indeed of sinoatrial origin. If there was a change in the morphology of the P wave, it was assumed that the origin of the P wave was not from the sinus node (37) . Our findings in man suggest that this need not be true. The change in P wave morphology after overdrive pacing may be related to a shift in pacemaker to a subsidiary site. 4) The phenomenon of altered atrial complexes after premature atrial beats interpreted from the electrocardiogram as aberrant atrial conduction (38) and the phenomenon of wandering atrial pacemakers may indeed reflect shifts in the sinus pacemaker.
